The formation of turbulent structures in weakly-developed drift wave turbulence is investigated using experimental data obtained in a linear laboratory device. The findings are compared with fully nonlinear numerical simulation results. The formation of structures occurs in a region, in which the divergence of the Reynolds stress, which is one term in the momentum balance, has a maximum. The generation of a time-averaged shear layer is not observed, but for transient events the shearing rate can get sufficiently strong to decorrelate the fluctuations. This happens when the energy flow into the shear flow is largely positive.
Introduction
Experimental observations [1, 2] and numerical simulations [3] clearly demonstrate that the turbulent particle flux in the region of open magnetic flux surfaces of fusion devices is dominated by radially propagating coherent turbulent structures, so called blobs. These structures cause an intermittent character of pressure fluctuations, characterized by sporadic large amplitude bursts. They emerge from broad-band turbulence in the plasma edge and their dynamics in the scrape-off layer (SOL) region is determined by the balance of the interchange drive, which relies on the curvature of the magnetic field [4] , parallel losses along the magnetic field and perpendicular currents, e.g. due to ion polarization drifts or ion viscosity, in the region of magnetic shear (e.g. X-point region) [5] . While the formation of these structure is difficult to study in fusion devices due to limitations in the available diagnostics, laboratory devices like Torpex have shown that these structures can be sheared off from interchange wave crests due to their self-consistent E × B-velocity shear [6] . Similar intermittent fluctuations related to radially propagating three-dimensional structures are also observed in linear laboratory devices with straight magnetic field geometry [7, 8] . In this case the interchange drive is absent and thought to be replaced by centrifugal [9] or neutral wind forces [10] .
A recent issue of blob dynamics is the associated transport of momentum from the plasma edge into the scrape-off layer (SOL) [11, 5] , which might explain the spontaneous toroidal rotation observed in fusion devices [12] . A similar mechanism has been suggested to explain the formation of isolated blobs [13] . The mechanism is closely connected to the formation of zonal flows, which are driven by the divergence of turbulent Reynolds stress <ṽ xṽy > (< · > denotes the zonal average). It has been shown that in the limit of vanishing zonal flow shear damping rate, where the Reynolds stress contribution to the poloidal momentum is balanced by the passive radial convection, the convective transport is dominated by blobs [13] . In contrast, if the zonal flow shear damping rate is large the convective transport is determined by radial streamers.
In the present paper the relation between sheared flows and the formation of coherent turbulent structures is analyzed in a linearly laboratory device. In Sec. 2 the main experimental findings are summarized. In Sec. 3 the experimental observations are compared to numerical simulation results using the three-dimensional CYTO code [14] and influence of sheared flows on the fluctuation dynamics is investigated in detail. Finally, the results are summarized in Sec. 4.
Experimental observations
The experiments have been performed in the linearly magnetized helicon VINETA device [15] . For a detailed description of the experimental setup and operational parameters the reader is referred to [16] . Radial profiles of time-averaged plasma density n and its corresponding rms-fluctuation levelñ as measured with Langmuir probes are shown in Fig. 1a . The peak density is n ≈ 6 × 10 18 m −3 and the profile has almost a Gaussian shape. The electron temperature (not shown here) is 2.5 eV in the plasma centre and decreases to 1 eV in the edge (r > 100 mm). The rms-fluctuation amplitude peaks close to the region of the maximum density gradient region with n ≈ 10 − 15%. Detailed investigations have shown that the fluctuation dynamics in VINETA is dominated by the drift-wave instability [17] , which is driven by the radial density gradient. With the magnetic field as control parameter the system can be driven from single coherent drift modes to a weakly developed turbulent regime, which is characterized by non-linearly interacting modes [18] . The character of density fluctuations changes significantly across the radial plasma density profile. This can be quantified by the moments of the probability density function (PDF), i.e. skewness and kurtosis, which are shown in Fig. 1b . For r < 55 mm both moments are close to zero, which indicates nearly Gaussian distributed fluctuations. For r > 55 mm the moments increase considerably, which is caused by intermittent positive large-amplitude bursts. It has been demonstrated that intermittent bursts are related to radially propagating turbulent structures, which peel-off from a quasi-coherent m = 1 drift mode (m being the azimuthal modenumber) [16] . The peel-off region here is located at r ≈ 55 mm. It is worthwhile to note that the skewness is negative for r < 20 mm, which indicates a dominant contribution of negative density bursts (so-called holes), which are also observed in the plasma edge region of fusion devices [19] .
The transition from the m = 1 drift mode to isolated turbulent structures is accompanied by a strong shear of the azimuthal phase velocity v ph (Fig.2a) . It has been measured using two azimuthally separated probes. The time delay of the maximum cross-correlation then yields an estimate of v ph . A positive velocity v ph corresponds to a propagation in electron diamagnetic drift direction and a negative velocity corresponds to a propagation in direction of the background E × B-drift [16] . Since the sudden change of the phase velocity in the transition region at r ≈ 50 mm cannot be explained by time-averaged first order fluid drifts, which are determined by the density and potential profile [16] , the turbulent Reynolds stress is considered as momentum source. The radial divergence of the Reynolds stress is directly associated with the generation of a mean azimuthal flow < v θ > [20], ∂ t < v θ >= −∂ r <ṽ rṽθ >, where < v θ >= ∂ r <φ >= ∂ rφm=0 . Hereφ m=0 denotes the m = 0 mode of the fluctuating potential. To obtain a radial profile of the Reynolds stress the azimuthal average is replaced by the time-average <ṽ rṽθ > t . The latter is shown in Fig. 2a as blue line. It is measured using an array of four Langmuir probes which record floating potential fluctuations at two different radial and two different azimuthal positions with a spacing of 8 mm in both directions. This allows to estimate the corresponding electric fields and the fluctuating electric drift velocitiesṽ r andṽ θ . Previous measurements using emissive probes have shown that temperature fluctuations are small such that floating potential fluctuations can be taken as a measure of plasma potential fluctuations [21] . As can be seen in Fig. 2a the term <ṽ rṽθ > t has a positive maximum at r = 55 mm that corresponds to the transition region. The Reynolds stress demands a certain correlation between the radial and azimuthal velocity fluctuations. This can be observed in the joint PDF of the velocity fluctuations at r = 55 mm , which is shown is Fig.2b . Due to the tilted PDF positive radial velocities directed radially outwards are in phase with azimuthal velocities and lead to a positive Reynolds stress, as observed in Fig. 2a . Similar results have also been observed in the CSDX device [22] .
In order to investigate the relation between the Reynolds stress andφ m=0 in more detail the potential fluctuations have been measured using an azimuthal probe array consisting of 64 Langmuir probes with alternating radial positions (r = 52 mm and r = 60 mm). This allows to measure the azimuthally averaged Reynolds stress in the transition region. The temporally resolved modenumber power spectrum of potential fluctuations at r = 52 mm is shown in Fig. 3a . The main spectral energy is broadly distributed between the larger spatial scales with m ≤ 6 but peaks at m = 1. On average the energy of the m = 0 is much smaller than the contribution of the higher modenumbers but at certain time instants it becomes comparable. To ensure that the estimated energy of the m = 0 mode is not an artefact of the spectral analysis (spectral leakage), the conditional average (CA) technique [23] has been used. The reference condition was set to the spectral amplitude of the m = 0 mode with an amplitude condition of p = 1σ (σ denotes the standard deviation) and the CA amplitude has been calculated for all 32 Langmuir probes at this radius. The result is shown in Fig. 3b . If the amplitude ofφ m=0 is high the potential fluctuations display the dominance of an m = 0 mode, i.e. the fluctuating azimuthal mean is rather caused by a zonal structure than by a large amplitude perturbation with a smaller scale. Using the azimuthal probe array the correlation between the Reynolds stress andφ m=0 can directly be estimated. The resulting cross-correlation amplitude is shown in Fig. 3c (red line) together with the auto-correlation function of the Reynolds stress (as blue line). The frequency averaged cross-correlation has a maximum amplitude of 0.3, which clearly exceeds the statistical noise level.
The results suggest that in the transition region a fluctuating m = 0 potential perturbation exists, which is driven by the turbulent Reynolds stress. On timeaverage the contribution ofφ m=0 to the fluctuation spectrum is only small. But at particular time instants this contribution can become dominant. This happens when the energetic drive of the mean flow R ∼<ṽ rṽθ >< Ω >=<ṽ rṽθ > ∂ r < v θ > has a positive amplitude (here Ω = ∇ 2 ⊥ φ denotes the vorticity) [24, 25] . This means if the turbulent structures are tilted by a seed shear flow with a shear rate ∂ r < v θ > and the Reynolds stress has the same orientation, energy is transferred from the turbulent fluctuations into the mean flow, which amplifies the latter [26] . In the experiment, the temporal evolution of the shear rate, caused by a nonlinearly driven m = 0 potential perturbation, cannot be analyzed due to limitations of the available diagnostics. This issue and the relation betweenφ m=0 and the formation of turbulent structures in the transition region is analyzed in more detail in the next section using numerical simulation results.
Numerical simulation results
The numerical simulation results presented here are done with the CYTO code [14] . The code solves the two-fluid equations in a three-dimensional cylindrical geometry with sheath boundary conditions and an axially localized Gaussian density source profile. A specific feature of the code is the global character, i.e. a Reynolds decomposition into mean and fluctuating quantities is not applied. This is especially important in the plasma edge, where the amplitude of intermittent density burst clearly exceed the time-averaged density.
The input parameters of the code are similar to the experimental situation presented in SEC.2. In a similar representation as for the experimental results the normalized radial plasma density profile is shown in Fig.4a , together with the corresponding rms-fluctuation level. The density profile is mainly determined by the Gaussian source profile. In agreement to the experimental situation the rms-fluctuation amplitude peaks in the maximum density gradient region with an amplitude ofñ rms ≈ 20%. The spatiotemporal evolution of the fluctuations across the plasma cross-section has been analyzed in detail in Ref. [16] . Similar to the experimental situation the dynamics in the maximum density gradient region is dominated by drift waves with low modenumbers (m = 1, 2). For larger radii coherent turbulent structures are observed, which propagate radially outwards and cause an intermittent character of the density fluctuations in the plasma edge. Also in this case the formation of the structures can be explained as a peel-off process from positive wave crests associated with drift modes in a narrow radial transition region. This transition region can be observed in Fig. 4b , in which two different estimates of the radial evolution of the phase velocity v ph are shown. The first estimate (blue line) is based on the dominant contribution in the frequency-modenumber spectrum (m, f )-spectrum computed at each radial position and the second estimate (green line) uses the cross-correlation technique as in the experimental case. Both estimates agree well but in the transition region at r ≈ 60 mm small deviations are observed, which are caused by the local approximation of the cross-correlation technique. For a close comparison with the experimental situation the time averaged Reynolds stress profile is also shown in Fig. 4b (red line) , which demonstrates that also here the transition region corresponds to a positive maximum of the Reynolds stress. The temporally resolved modenumber power spectrum of potential fluctuations at r = 68 mm is shown in Fig. 4c . It is dominated by large scale fluctuations with m ≤ 4 but sporadic contributions ofφ m=0 are clearly observed. Before analyzing the energy transfer to the mean flow in detail the different contributions to the momentum flux are considered. The electrostatic momentum flux can be written as [27] Π =< n ><ṽ rṽθ > + < v θ >< nṽ r > + <ñṽ θṽr >, where the terms of the rhs are the Reynolds stress contribution, passive convection, and non-linear flux. Time-series of these three contributions averaged over the azimuthal cross-section are shown in Fig. 5a . On time-average the Reynolds stress has a positive mean and dominates the momentum flux. But it is partly balanced by the passive convection, which has a negative mean. The non-linear term has the same magnitude as the passive convection. The temporal evolution of the energy transfer rate R ∼<ṽ rṽθ >< Ω > in the transition region (r = 68 mm) is shown in Fig. 5b . The transfer rate has a positive mean, which means that on average energy is transferred from the fluctuations to the mean flow. The time series also shows that the transfer rate is governed by sporadic large amplitude events. The complex situation during such a strong positive transfer event is shown in Fig. 6 . At r ≈ 60 mm both <ṽ rṽθ > and <Ω > have a positive peak, which in turn leads to a pronounced positive amplitude of the energetic drive R (Fig. 6c) . The radial evolution of the spectral energy ofφ m=0 (Fig. 6d ) also peaks at this position. At this particular time instant the contribution of higher modes is negligibly small. The amplitude of theφ m=0 mode and < φ > are shown in Fig. 6e-f . Compared to the time-averaged potential profile (cf. Fig. 4 ) a pronounced dip at r = 75mm is observed. As a consequence the shearing rate ω E×B = ∂ r < v θ > increases significantly and exceeds the inverse autocorrelation time of the fluctuations (indicated in Fig. 6g as dashed line) . A two-dimensional snapshot of the fluctuating potential is shown in Fig. 6h . The dominance of the m = 0 contribution to the fluctuation spectrum is clearly observed at r = 60 mm but higher modes do also contribute. In summary, if the energetic drive R amplifies the mean flow the shearing rate becomes sufficiently strong to decorrelate the turbulent fluctuations. A statistical analysis of the modification of density fluctuations during such a strongφ m=0 contribution is rather complicated because both quantities are not well correlated. However, evidence for an influence of the fluctuation-driven shear flow on the spatiotemporal evolution of density perturbations can be obtained by the local conditional averaging technique using two reference conditions: The first reference condition is set to density fluctuations at r = 42 mm with an amplitude threshold of 2σ. The second reference condition is set toφ m=0 at r = 68 mm. Here two different amplitude thresholds are chosen: In the first caseφ m=0 dominates the fluctuation spectrum and in the second case the contribution ofφ m=0 to the fluctuation spectrum is negligible small. The reference signals for both cases are shown in Fig. 7 . The blue lines indicate the density reference signal and the red lines indicate theφ m=0 reference signal. For the two cases the density reference signals are almost identical. For the time instants τ 1,2,3 indicated in Fig. 7 the conditionally averaged density fluctuations are shown in Fig. 8 for the case of a negligible small (Fig. 8a-c) and large ( Fig. 8d-f) amplitude ofφ m=0 . In both cases a large positive m = 2 drift mode perturbation is observed. A careful analysis reveals that in the case of a significant contribution of φ m=0 a small structure starts to radially peel off the positive drift mode perturbation. This is not observed in the case with negligible small amplitude ofφ m=0 . It should be mentioned here that the number of events which contribute to the CA ensemble average is only 20, which forbids to draw detailed conclusions.
Summary
In the present paper the relation between the Reynolds stress and the formation of turbulent structures has been investigated by means of experimental data obtained in a linearly magnetized laboratory device and numerical simulations results. In both cases clear evidence has been found that the turbulent Reynolds stress drives a fluctuating m = 0 potential perturbationφ m=0 . The radial profile of the Reynolds stress peaks in a region, in which turbulent structures peel-off from quasi-coherent drift modes [16] . Although the time-averaged amplitude ofφ m=0 is much smaller compared to the contribution of the fluctuations with larger modenumbers (smaller scales), it can become dominant if the energetic transfer R rate gets sufficiently large. In this case a strong increase of the shear rate is observed, which can decorrelate the turbulent fluctuations. The conditional averaging result presented in Sec. 3 gives a strong indication that the peel-off process of the turbulent structures is related to this transient increase ofφ m=0 .
